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CHAPTER 1 INTRODUCTION

1.1 Non-Destructive Evaluation (NDE) and Sonic IR Imaging
technology
Non-destructive evaluation (NDE) is a type of technology for finding the locations
or sizes of flaws in a sample without causing any destruction.(1) Common NDE
methods can be classified into the following different types: Liquid Penetration,
Ultrasound, Magnetic Particle, Eddy Current, Acoustic Emission, Radiology,
Active Thermograph, Microwave, and Optical methods.(1) Sonic IR NDE
technology, a new member in NDE family, developed at the Wayne State
University has shown inherent advantages than other NDE technologies for
metal and composite material.(2)(3)(4)(5)(6)(7)
Ultrasound is one of the most widely used NDE technologies nowadays, which
can detect some substantial subsurface flaws in material. Active thermography
is defined as a surface thermal radiation measurement technique in which a
controllable external thermal source is used and “the spatial variations” of
“surface temperature pattern” are detected by infrared camera to determine the
locations and sizes of the flaws.(8) As the combination of ultrasound and active
thermography NDT technologies, Sonic IR NDE technology has following
advantages: it works very fast since the ultrasound propagates very quickly in
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solids; it can detect any direction flaws; it works better for tiny and kissing flaws;
and it has no potential health threat for operators.
In Sonic IR technology, propagating ultrasound energy is converted into thermal
energy around defects and the defects can be directly seen via thermal cameras
by detecting the thermal radiation from the samples. Figure 1 shows the
experimental arrangement of Sonic IR technology in Wayne State University. The
transducers originally used in Branson welders are used as ultrasound source to
introduce ultrasound wave into samples and when the propagating ultrasound
wave runs into a defect in this blade, such as a crack, the two sides of the crack
will produce heat by rubbing. Defects in the sample then are readily shown in the
acquired images taken by infrared cameras.

Figure 1 The elementary diagram of Sonic IR technology (9)
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Sonic IR NDE technology has caused the attention of Air Force and FAA, and it
has shown some inherent abilities to detect defects in both metal and composite
material.(10)(11)(12)(13)(14)(15) People are trying to improve the detection
ability of this technology further in different ways. As the founder and leader of
this technology, Wayne State University (WSU) Sonic IR lab has been keeping
improving this technology by developing chaotic exciting method, studying the
physical process in Sonic IR with Finite Element Analysis (FEA), and improving
the digital image processing software.(9)(16)(17)(18)(19)(20)(21)
In this chapter, the necessaries of using infrared cameras, the fundamental
structure of high power ultrasound transducers, and the FEA simulation method
will be introduced. Then, a plate model will be used to demonstrate the
performance of cracks in an ultrasound standing wave. Finally, two different
exciting methods developed recently, frequency sweep and chaotic excitation,
are introduced briefly to improve the defect detection ability of Sonic IR
technology.

1.2 From blackbody radiation to Infrared cameras
“Blackbody

is

an

idealized

physical

body

that

absorbs

all

incident

electromagnetic radiation” without reflection.(22) The electromagnetic radiation of
black body is called blackbody radiation which only depends on the temperature
of the body. Blackbody radiation is in infrared in room temperature. Above 100°C,
the blackbody begins to radiate visible light from red to orange, yellow, and white.
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In Sonic IR technology, we assume samples are blackbodies and the infrared
radiation from a sample is recorded by infrared cameras as blackbody radiation
to show the infrared images of defects and calculate the temperature change
around defects.
According to the types of semiconductor infrared detectors, there are two kinds of
infrared cameras, thermal detector infrared cameras and photon detector infrared
cameras. In a thermal detector the incident radiation is “absorbed to change the
temperature of the material” in detectors and “the resultant change in some
physical properties is used to generate an electrical output”, such as resistance,
voltage or current.(23) The output signal of thermal detectors depends upon the
radiant power but not upon its spectral content. The thermal detectors typically
operate at room temperature. The infrared cameras with thermal detectors are
compact size, inexpensive, and easy to use. However, the sensitivity of this kind
of camera is modest and the response can be very slow.
In photon detector infrared cameras, “the radiation is absorbed within the
material by interaction with electrons” and “the observed electrical output signal
results from the changed electronic energy distribution”.(23) The photon
detectors show a selective wavelength dependence of the response per unit
incident radiation power. They exhibit both high signal-to-noise ratio (SNR) and
fast response. But to achieve this, the photon detectors require cryogenic cooling,
without which these sensors would be 'blinded' or flooded by their own radiation.

5

Cooling requirements are the main obstacle to the more widespread use of IR
systems based on photo detectors and making them bulky, heavy, expensive
and inconvenient to use.(23)
In Sonic IR technology, the thermal produced around defects is very weak and
photon detector infrared cameras with high sensitivity, high SNR, and high frame
rate are critical to improve the detection ability of Sonic IR technology.(24)(25)
Now, the most popular science-grade infrared cameras are FLIR SC6000/8000
series whose detectable temperature difference is 18mK typically and frame rate
reaches 132Hz in full window.(26)

1.3 High power ultrasound transducer
Sonic IR technology takes advantage of the development of high power
ultrasound transducer and Infrared imaging technologies. In general, the high
power ultrasound transducer is composed with converter, booster, and horn as
Figure 2 shows. The stack amplitude is the multiplication of converter amplitude,
booster gain, and horn gain.

Figure 2 High power ultrasound transducer stack (27)
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Most ultrasound converters are piezoelectric devices that convert electrical
signals into a resonant mechanical motion efficiently. The bolt-clamped
transducers (BLTs), or Langevin type transducers, shown in Figure 3 are widely
used as high power ultrasound sources in industrial application.

Figure 3 Diagram of a bolt-clamped Sandwich-type converter (28)

In order to get a single frequency vibration and the maximum energy convert
efficiency, the working frequency should match the resonant frequencies of the
converter.

When the converter is coupled with tuned booster and horn, the

energy can be transmitted to samples effectively.
In general, the ultrasonic booster is a tuned half wavelength component, and it
can increase or decrease the vibration amplitude with specific ratio. The function
of horn includes introducing additional gain for the transducer stack and
optimizing the input ultrasound wave impedance. When the ultrasound
characteristic impedance in sample matches the conjugation of the input
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ultrasound impedance, the sample can absorb the maximum power from the
transducer.
Since converter, booster, and horn are all resonant parts, the frequency
response of this system is very narrow and the vibration of the resonant
frequency can be transferred more effectively than other vibration. In general, the
diameter of the converter is very big for high power, and the diameter of the horn
tip is designed relative small to focus the vibration energy. The power from
converters is exactly the power introduced into samples by horn tip, if we neglect
the power loss and reflection in transducers.

1.4 Sonic IR experimental process
Figure 4 shows the transducer and blade experimental setup in our lab, in which
the blade is held by a blade holder and transducer system is fixed on a slider.
The ultrasound transducer is pressed against the root of the blade under a static
force in the first experimental step. Our experiments have showed that different
engaged forces can influence the coupling between the horn tip and samples. In
the second step, when the transducer is triggered, the horn tip introduces
ultrasound waves into the blade to produce heat around cracks. Static force,
exciting frequency, and exciting amplitude are the most important factors
determining the Sonic IR experimental results.
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Figure 4 A sonic IR experimental system (16)

With the development of computer simulation technology, people rely more and
more on FEA tools to inspect and understand the physical process in Sonic IR
technology and try to find different ways to improve the defect detection ability of
this technology. I will introduce the FEA simulation method used for Sonic IR in
the following part.

1.5 Finite Element Analysis simulation
FEA is a kind of computer simulation method, in which the computer is used to
solve a mathematical model including differential equations and boundary
conditions. In general, the first step of computer simulation is to discrete the
mathematic model into finite elements and then solve the differential equations
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for each node. FEA program can either approximate the differential equations
with algebraic equation or render them into an approximating system of ordinary
differential equations.
In the following part, I will take a plate as an example to explain the FEA process.

Figure 5 A example of FEA model

Figure 5 shows a 2-D FEA plate model whose left side is fixed on the wall. The
first step of FEA is to discrete the model into finite elements. Each small square
in this model represents one element, and those cross points in this model are
the nodes. In FEA model, we only need to calculate the value on those nodes
and an infinite freedom problem is converted into a finite freedom problem. The
second step of FEA is to approximate the differential equations satisfied on
nodes with algebraic equations, and these algebraic equations can be expressed
in a matrix form.
𝐾𝑈 = 𝑅
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K-------Stiffness matrix (determined by the material and structure)
U-------displacement matrix (including the boundary conditions and unknown
displacement at nodes)
R-------force matrix (including the external force and the reaction force from the
wall)
The dimension of this matrix depends on the number of the elements.

For

dynamic situations, we need to add the mass matrix M and damping matrix C in
above matrix equation.
𝑀𝑈̈ + 𝐶𝑈̇ + 𝐾𝑈 = 𝑅

After solving this equation we can get the displacement on each node. The
displacement inside elements can be approximated as the interpolation of the
displacement of surrounding nodes.
The above model is the simplest one, and for a nonlinear analysis, such as a
Sonic IR FEA model, the process will be more complicated and time consuming.
In a nonlinear analysis, the load need to be applied slowly and the time is
segmented into intervals Δt. For each Δt, if the interval is small enough we can
treated it as linear problem approximately. So, after the calculation on a Δt, the
program need to check if the result meet some requirements, such as equilibrium
equation, compatibility, and stress-strain law. If these requirements are not met,
that means this Δt is not small enough, the program need to recalculate this step
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with a smaller Δt before reaching to the next Δt. Step by step, the program will
obtain all the results.
Ansys, Abaqus, and Dyna are very popular FEA codes for research and industry.
Abaqus and Dyna focus more on mechanical problems, and Lsdyna will be the
prior FEA tool for my research.

1.6 Development of Sonic IR with different excitation method
Since the booster and horn in a high power ultrasound transducer system are
resonant parts and only the resonant frequency can be transferred to sample
effectively, almost all high power ultrasound transducers used in Sonic IR
technology are working with single frequency.

Exciting power and exciting

frequency are the two most important factors determining the defect detection
ability of Sonic IR technology.(29) Nowadays, the ultrasound output power of
plastic welder can meet the power requirement of Sonic IR tests and higher
power may cause some other problems such as burning samples. Researchers
are focusing more on the exciting frequencies and the vibration modes in
samples. In order to improve the defect detection ability of Sonic IR, some people
are working to choose the best exciting frequency for a sample and the others
are trying to introduce more frequencies into samples with single frequency
ultrasound transducer.
People in Iowa State University are applying low-power frequency sweep
excitation on samples to find the most violent vibration and then use a single
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frequency high-power transducer to excite the sample with one of those
frequencies producing violent vibration in samples for the best defect detection.
This technology is called Sonic IR Frequency Sweep excitation.
On the other hand, researchers in Wayne State University found that a single
frequency high power transducer can introduce more frequencies into samples
because of the nonlinear coupling between the horn tip and samples. This
method is named as Sonic IR Chaotic Excitation. (30)(31)(32)(33)
The following chapters will focus on these two methods and show some
computer simulation results. Finally, how these two technologies work and how
to use them to improve the defect detection ability of Sonic IR will be
demonstrated in detail.

13

CHAPTER 2 ULTRASOUND WAVE IN METAL AND COMPOSITE
MATERIAL
2.1 Introduction of ultrasound mode pattern
When the ultrasound wave is introduced into samples, it will propagate in all
directions.(34) If the transducer keeps working, the new coming ultrasound wave
will overlap with the reflected wave from structures, interfaces, and boundaries.
Consequently, an ultrasound vibration mode pattern will be built in samples and
sometimes they can be seen in infrared cameras. (35)(36) The mode pattern
depends on a lot of factors, such as the exciting frequency, the exciting position
and direction, the material and structure of samples, and boundary conditions.
That is why they are very difficult to predict. People have found that the Sonic IR
detection ability is different when the defect is located at different position in the
mode pattern. People always want to study the mode pattern and the vibration
around defects. Depending on the high thermal sensitivity of infrared cameras,
people have observed the mode pattern in both metal and composite material.
Figure 6 shows the ultrasound mode pattern observed in a thin aluminum plate
and the vibration waveform detected at two different positions. The bright area
has bigger amplitude vibration than the dark area. When the plate is vibrating,
the vibration energy is stored as stress energy in the bright area and after a half
period it is converted into kinetic energy.
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Figure 6 Ultrasound mode pattern in a thin plate with 20 kHz excitation (35)

Ultrasound mode pattern can be easily seen in composite material because of
the large damping of sound in composite material. Figure 7 shows the mode
pattern in an I-beam composite panel when the transducer is located between
the top boundary and the top rigid stiffener. Because the stiffener is very rigid,
the ultrasound wave is confined in this channel and the mode pattern is visible.
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Figure 7 Mode pattern observed in a composite material with channel structure

Although mode pattern has been observed in both metal and composite material,
they are difficult to be detected by infrared cameras for several reasons. For
metal samples, the vibration mode pattern is very hard to detect in infrared
camera because of the small damping of sound. High frequency and small
amplitude ultrasound vibration in thick metal sample and low ultrasound damping
together make the detection of mode pattern with Infrared camera becomes
impossible sometimes. Although composite material prefers to vibrate with low
frequency and big amplitude, the mode pattern can only be seen in small areas
or channels because of the high ultrasound damping in composite material. How
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to inspect the vibration mode pattern in complex shape metal sample and big
size composite panel becomes more and more important for studying the
vibration of defects in samples.

2.2 Methods developed recently for inspiring ultrasound mode
pattern
In order to inspect the mode pattern in a metal sample, such as a blade, and a
big size composite panel, people developed different methods to detect the
vibration mode pattern for them.
People in Iowa State University attached a layer of viscoelastic polymer on the
surface of the blade to detect the vibration mode with infrared cameras. The
viscoelastic polymer is absorptive and it converts vibration energy into heat
according to the loss modulus (imaginary part of the Young's modulus). The
dissipated heat distribution on the polymer represents vibration mode pattern
across specimen surface. Till now, this is the best way to detect the vibration
mode pattern on blade. (37)
Although the viscoelastic absorptive coating method works well for small metal
sample, it has lots of challenges for big size composite panel. Firstly, it is too
expensive and almost impossible to coat the polymer on such a big surface.
Secondly, it is very difficult to clean the coating from a composite surface than
from a metal surface. In order to detect the vibration mode pattern in big size
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composite panel, a method using particles is developed in Wayne State
University and the results are very impressive.
Since we are working on composite panel, we can put the panel horizontally and
put some particles, such as sands (white) or charcoal particles (black), on the
surface of panel evenly. When ultrasound is introduced into it, the particles will
redistribute according to the vibration. The distribution of particles represents the
vibration mode pattern.

Figure 8 Mode pattern of vibration in a composite panel

Figure 8 shows the particles distribution on a composite panel (6ft X 2ft) before
(top image) and after the excitation (bottom image).

The mode pattern also
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indicates the existence of big delamination defects inside the panel as the red
arrow shows. The distribution of particles around big size delamination looks like
the water current around a stone in a river.
We can see that the vibration mode pattern can be very complicated, especially
in big composite panel with complex structure. One of my workmates, Selina
Zhao, has verified the mode pattern in a small composite panel (6in X 6in) with
FEA simulation. The research in this dissertation will focus on metal sample and
a plate model will be used to investigate the performance of crack in mode
pattern. In general, the mode pattern comes from the reflected wave from all
directions and in my model I will only consider the reflection in one direction. In
this way, the mode pattern will degrade into standing wave. So, in the following
part of this chapter I will study and compare the different performance of crack at
different position in standing wave with a plate FEA model.

2.3 Study of the performance of crack in a ultrasound standing wave
Figure 9 shows a plate model, in which the ultrasound standing wave comes
from the ultrasound reflection back and force. People want to know the difference
of vibration around a crack at different position between node and antinode
position.(38) (39) (40) The red area represents the antinode position which move
up and down, and the blue area represents the node position which does not
move. Since standing wave is periodic, we only need to focus on one range
between a node and the adjacent antinode as Figure 9 shows.
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Figure 9 Standing Lamb wave built in a plate

According to the elements distribution between node and antinode, I will put the
crack at nine different position, from P1 to P9, between node position (P9) and
antinode position (P1) as Figure 10 shows.

Figure 10 Crack will be located at nine different positions, from P1 to P9

In the simulation, the sample is excited in the first 1ms. After the first 1ms, a
standing wave will build up in this plate. A stable standing wave requires the
length of the plate to be integer times of the half ultrasound wavelength. I
introduce the crack at 2ms after the standing wave is built up and the vibration
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energy will be transferred into thermal. We assume the crack is not big enough to
change the shape of the standing wave and the crack will not absorb the
vibration energy very quickly. Thus, we can use this model to inspect the
performance of crack in a standing wave in a very short time period, such as 2ms.
The vibration around the crack at node (top image) and anti-node position
(bottom image) in standing wave is shown in Figure 11.

Figure 11 Performance of crack at node position and anti-node position

From the simulation results, we find the crack has the most flapping motion at P1
position (antinode) and the most sliding motion at P9 position (node). That is to
say, the motion of the crack is changing from flapping to sliding, when the crack
is moving from P1 to P9. Can we draw a conclusion that the crack will produce
the most thermal at P9 position, since people believe the friction thermal
dominates in Sonic IR technology? The answer is no. We also need to consider
the contact force between the two sides of the crack.

21

Figure 12 shows the contact force between the sides of the crack at different
position from P1 to P9. Though the crack at P9 position has the most violent
sliding motion, the contact force is the smallest. Similarly, though the crack has
the biggest contact force at P1 position, there is almost no sliding motion. It is
easy to expect that the position producing the most friction thermal energy is
between P1 and P9. Tab 1 shows the thermal energy produced from crack at
different position from 2ms to 4ms, and P6 and P7 are the positions that the
crack can produce the most thermal energy by friction.
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Figure 12 Contact force (N) on crack at different position
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Table 1 Thermal energy produced from crack at different position from 2ms to 4ms

Position

P1

P2

P3

P4

P5

P6

P7

P8

P9

0.0043

0.0118

0.025

0.037

0.047

0.053

0.053

0.045

0.028

Thermal
Energy(J)

Conclusion
Vibrating mode pattern has been seen in metal and composite material in
infrared camera for several years. For some reasons, the mode pattern is hard to
been detected in complex metal sample and big size composite panel by infrared
camera. If we want to study the vibration around crack in sample, we need to
inspect the vibration mode pattern firstly. Two new methods for inspecting the
mode pattern in metal blades and big size composite panel are presented in this
chapter, viscoelastic absorptive coating method developed in Iowa State
University and particles redistribution method developed in Wayne State
University.
A plate model is used to study the performance of crack at different position
between node and antinode position in a standing wave. In order to study the
produced thermal, we can directly inspect the frictional energy produce from
crack, which depends on the sliding motion and the contact force between the
two sides of the crack.
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CHAPTER 3 TWO-STEP FEA SIMULATION METHOD AND
SINGLE FREQUENCY EXCITATION FOR BLADES
3.1 Creating a blade model with flat contact surfaces
In order to apply FEA simulation for Sonic IR technology, some special
requirements need to be considered. In the following part, I will take a
commercial blade as an example to explain the Sonic IR FEA simulation process.
Figure 13 shows a commercial blade and the crack in the notch area. In order to
simulate this blade excited by ultrasonic wave, a FEA blade model with crack
need to be created and the method of creating a crack with flat contact surfaces
in the north area of the blade model will be demonstrated in detail.
Because of the irregular shapes, turbine blades are often meshed with tetra
elements in FEA, in which the traditional method of creating crack is challenged.
Traditionally, a crack in a FEA model is created by detaching the element nodes
along the crack surface and form two flat surfaces of the crack. However, it is
almost impossible to create a flat crack by detaching tetra element nodes that are
not locating on a flat plane. In this dissertation, an improved method is introduced
for creating a crack with flat surface in a turbine blade model. This method can
be applied to any shape sample meshed with any type of elements. The
commercial turbine blade in Figure 13 will be used as an example to show this
method.
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Crack

Figure 13 A commercial blade with a crack in the notch area
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Step 1: Partition.

Figure 14 shows a commercial turbine blade created in

Inventor, 3D CAD software. The whole length of this blade is about 220mm. The
first step of this method is to use the "split" function in Inventor to partition the
blade into two parts with a predefined plane exactly along the crack position. The
partition plane is highlighted in yellow in Figure 15.

Figure 14 The 3D blade CAD model created in Inventor
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Figure 15 The commercial turbine blade CAD model split with a predefined plane

Step 2: Form new part. After split in Inventor, the blade CAD model is imported
into Ansys and the two parts of blade are formed into a new part. The blade
becomes one piece again and the flat interface is left in it, as shown in Figure 16.

Figure 16 Two split parts of blades are formed into one part
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Step 3: Mesh and Refine. After the blade is meshed with tetra elements, the
tetra elements are along the interface, from which the flat crack will be created. In
order to improve the precise of simulation, it is necessary to refine the mesh
around crack with the "Sizing" function in Ansys.

As Figure 17 shows, the

elements around crack are much finer than others.

Figure 17 The commercial blade meshed with tetra elements (9)

Step 4: Detach and Define contact. After the LS-DYNA k file produced in Ansys
is imported into Lsprepost, we can follow the typical simulation procedures to
define the crack and finish the simulation. The last step of creating a flat crack is
to detach the nodes along the interface. The size of the crack depends on the
number of the nodes detached. Figure 18 zooms in the crack area and Figure 19
demonstrates one contact surfaces created in Lsprepost. The size of the contact
surface is about 3.3x3mm2, and the dynamic friction coefficient is 0.75. Now, a
flat surface crack is created in a blade meshed with tetra elements.
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Figure 18 The blade model shown in Lsprepost

Figure 19 One side of contact surface defined in Lsprepost
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As mentioned in the introduction, the amplitude and frequency of the vibration on
the horn tip determine the output of the transducer system. Thus, in FEA
simulation we can create a rigid cylinder representing the horn tip and use it to
excite the blade model with a predefined displacement curve. The red cylinder in
Figure 20 is the horn tip.

Figure 20 A blade model with a horn tip

3.2 Two-step simulation method
A static force is applied between the horn tip and the blade before driving the
transducer in experiments. Similarly, a two-step simulation process is adopted to
apply a static force in the first step and then excite the blade in the second step
in FEA simulation. This simulation method requires using the full-restart function
in Lsdyna. That means the stress and deformation in the blade under the static
force will be used as the original condition to calculate the ultrasound
propagation and thermal dissipation in the second step. That also means that the
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horn tip moves in the first step and vibrates at the new position in the second
step to excite the blade. The commercial blade model will be used as an example
to show the detail of this method. In the first step, a static force is applied on the
horn tip to compress the blade model on Z direction as Figure 21 shows, whose
back side is fixed. The horn tip can only move on Z direction and the static force
is required to apply gradually to avoid bounce.

Figure 21 The static force applied on the horn tip

In this example, the static force is applied linearly in 0.1s. The applied static force
can be measured by the reaction force on the contact surface at 0.1s. Figure 22
shows the contact force between the horn tip and the blade, in which the contact
force reach 25lbs (about 110N) at 0.1s
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Figure 22 The contact force between the horn tip and the blade

In the first step, Lsdyna produced a "restart dump" file named as d3dumpXX.
This d3dump file includes all the stress of each part under the static force and it
will be assigned to initialize the model in the second step. In the second step, we
will drive the horn tip to excite the blade with a predefined displacement curve. In
order to used the information stored in the d3dump file, a command
"STRESS_INITIALIZATION" should be added in the key file manually as the
following shows. The numbers in this command represent the IDs of the parts,
whose stress will be initialized.
*STRESS_INITIALIZATION
1
1
2
2
3
3
Figure 23 shows the thermal distribution around the crack in this blade model
excited by a 20 kHz excitation with 4 microns amplitude.
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Figure 23 The thermal distribution around crack in the blade model

3.3 20 kHz excitation with different length cracks in the blade
In order to study the relation between the length of crack and the thermal
produced around crack, a series blade models with 1mm, 2mm, 3mm, 4mm, and
5mm cracks on concave side and convex side of the blades are created and
simulated separately. The blade models with crack on the convex side and on
the concave sides are shown in Figure 24 and Figure 25. Because of the
geometry of the blade, the thickness of the crack on the convex side is 2mm and
the crack on the concave side is 3.3mm thick. L means the length of the crack.
The thermal power produced from the crack with different length from 1mm to
5mm is shown in Table 2, in which the thermal power of crack is increasing when
the crack has longer length.
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Figure 24 Turbine blade model with a crack on the convex side

Figure 25 Turbine blade model with a crack on the concave side
Table 2 Thermal power produced around cracks with different length on both sides

Length of
crack (mm)

Thermal Power on
convex side (mW)

Thermal Power on
concave side (mW)

1

24

22

2

60

35

3

80

68

4

95

86

5

110

108

35

The curve fitting of the thermal power from the crack on both sides is shown in
Figure 26 and Figure 27. It is very obvious that the relation between the length of
the crack and the thermal power from the crack is close to linear. That means the
thermal power of crack is proportional to the length of the crack under the same
excitation.

Figure 26 Curve fitting of the thermal power from the crack on convex side
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Figure 27 Curve fitting of the thermal power from the crack on concave side

The most interesting point is that these two curve fitting lines for the crack on
both sides are very close. That is to say, the cracks with same length on different
side can produce similar thermal power, although they have different thickness or
contact area. The reason is that when the two side of the crack is rubbing, one
edge is open and the other edge is touching. Since the crack is a flat crack, the
center area will never rub and produce thermal, and the thermal always produced
from the top edge and the bottom edge as Figure 28 shows.
The simulation results make sense for the crack with flat contact surface.
However, this kind of crack is an ideal model and real cracks in metal samples
are much more complicated. Sonic IR FEA models with flat cracks can only be
used to study the vibration in samples, investigate the physical process of Sonic
IR technology, and improve simulation methods instead of comparing the thermal
results with experimental results directly. Developing a crack model close enough
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to a real one in blades is a big challenge in Sonic IR FEA simulation and it is
beyond the topics of this dissertation.

Figure 28 Thermal produced on the top edge and bottom edge in the crack with flat contact surface

3.4 Single frequency excitations between 20 kHz and 40 kHz
Sonic IR technology shows the best inspection ability in low ultrasound exciting
frequency range from 20 kHz to 40 kHz. It is very normal to try to excite a blade
with different exciting frequencies and find the trend of thermal produced from the
crack with different exciting frequency. The most traditional way to excite the
blade is to use a predefined curve as a boundary condition to drive the horn tip.
In Ls-dyna, "PRESCRIBED_MOTION" is required to apply the motion on the
horn tip. The curve can be defined by the "CURVE_FUNCTION" in Ls-dyna. For
example, a 20kHz curve with one unit amplitude can be simply defined as
sin(2*pi*20*1000*TIME). In this section, a blade with a 3.3mm long crack in the
concave side is used as an example to show the simulation results. Figure 29
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and Figure 30 shows the external work done by the horn tip and the thermal
energy produced from the crack in the second step from 0.1s to 0.6s. The
excitation amplitude keeps 4 microns.

Figure 29 External work made by the transducer with 20 kHz excitation

Figure 30 Frictional work produced from the crack with 20 kHz excitation

The slopes of the energy lines in Figure 29 and Figure 30 represents the external
power done by the horn tip and the thermal power produced from the crack
separately. For 20 kHz and 4 microns displacement excitation, the external
power and the thermal power are 52.5W and 0.078W separately. In order to
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inspect the trend of external power and thermal power when the exciting
frequency is changing, several simulation results with several different exciting
frequencies from 20 kHz to 40 kHz are shown in Table 3. However, these six
results are still not enough to draw the conclusion how the external power and
thermal power change from 20 kHz to 40 kHz. Much more single frequency
simulations can be done, but the simulation time is unaffordable. Linear
frequency sweep excitation can be simulated to find the relation between the
exciting frequency and the thermal with less calculation cost and it will be
introduced in next chapter. The simulation results in Table 3 will be used to
verify the simulation result of frequency sweep excitation.
Table 3 External Power and Frictional Power of different frequency excitation

Frequency (kHz)

20

24

28

32

36

40

External Power (W)

52.5

43.8

91

211

535

186

Frictional Power (W)

0.078

0.057

0.23

0.4

1.4

0.4

Conclusion
A commercial turbine blade is used as an example to demonstrate the process of
creating a turbine blade with flat contact surfaces in Inventor, Ansys, and
Lsprepost. According to the experimental process, a two-step simulation method
is adopted to apply the static force before driving the transducer. The thermal
power produced from different length cracks on the convex and concave sides of
the blade model are simulated and compared. The results show that the thermal
power increase linearly when the crack expands and the thermal mainly
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produced from the edges instead of the center contact area. Although multiple
single-frequency excitations are simulated, it is necessary to develop new
exciting method to study the relation between the produced thermal and the
exciting frequency.
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CHAPTER 4 SONIC IR FREQUENCY SWEEP TECHNOLOGY
4.1 Introduction of frequency sweep technology
The principle of frequency sweep technology is very straightforward and simple.
On one hand, the ultrasound wave will be reflected on the interface between the
horn tip and samples. Ultrasound wave with different frequencies has different
reflection coefficient on the interface. That means some frequencies can
introduce more power into samples and produce more thermal accordingly. On
the other hand, samples have different frequency response. Some frequency
ultrasound wave can produce more violent vibration around cracks than others.
People in Iowa State University use low-power transducers to excite a sample
with a frequency sweep technology and record those frequencies when the
sample vibrates violently. And then the sample is excited by a high-power single
frequency transducer with one of those frequencies causing violent vibration.
They claim that the defects can be detected easily with this two-step method.
Some people are studying how to excite samples with broadband high-power
ultrasound transducers although they are still not available in market. The
introduction in chapter 1 shows that the converter and horn in high power
transducer are resonant parts and the frequency response range is very narrow.
Though we can drive the transducer with a frequency sweep signal, the
transducer will have very week output out of the resonant frequency range.
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Recently, Wayne State University received an "ultrasound frequency sweep"
system from Siemens as Figure 31 shows, whose labeled frequency range is
from 18 kHz to 22 kHz. We drove the transducer with a liner sweeping frequency
from 18 kHz to 21 kHz in 3 seconds and the vibration output on horn tip is shown
in Figure 32. From the result, we find it is a resonating curve, and resonate
frequency of this transducer is about 19.6 kHz. That means when the exciting
frequency is sweeping over 19.6 kHz, the resonant parts are resonating violently.
Out of this frequency, the output amplitude is very small and efficiency is very low.

Figure 31 "Frequency Sweep transducer" from Siemens
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Figure 32 Output of the "Frequency Sweep Transducer"
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In order to verify our theory, a small tip is added on the horn of this transducer as
Figure 33 shows and the output vibration shifts to 14.9 kHz when the transducer
is driven by a linear frequency sweep signal from 13 kHz to 16 kHz in 3s as
Figure 32 shows. The reason is with the tip on the horn, the resonant frequency
of this transducer switched to 14.9 kHz. This test result is consistent to our
expectation and verifies the theory of high power transducer.

Figure 33 "Frequency Sweep Transducer" with a small tip
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Figure 34 Output of the "Frequency Sweep Transducer" with a small tip

Although a real frequency sweep exciting system is still unavailable till now, we
still think it is the best method to optimize exciting frequencies for samples. With
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the development of high power transducer technology, we believe broadband
high-power ultrasound transducers will be feasible in practice soon or later.
Comparing to the difficulties in experiments, FEA simulation has more
advantages for frequency sweep technology. Firstly, in FEA simulation, we can
directly control the output of the transducer and ignore the difficulties of making a
high-power broad-band ultrasound transducer in reality. Secondly, in FEA
simulation we can directly detect the vibration on crack and thermal information
produced in crack. I will use the blade model to show how to apply frequency
sweep excitation in FEA and find the best exciting frequency.(41)

4.2 Simulation Result

Figure 35 Blade model used with frequency sweep excitation
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Figure 35 shows the blade model used with frequency sweep excitation in FEA.
Basically, it is the same blade model as that one in Chapter 3. In order to apply
the frequency sweep excitation, we need to predefine a frequency sweep
vibration curve to drive the horn tip. A 25lbs static force is applied in the first 0.1s
and then horn tip was driven by a liner frequency sweep excitation from 20kHz to
40kHz in the following 0.5s as Figure 36 shows. The excitation amplitude is 4
microns.

Figure 36 FEA frequency sweep simulation plan

Linear frequency sweep functions f(t) change linearly with time and the function
for the phase ϕ(t) is the integral of the frequency.
f(t) = f0 + kt

t

t

k
∅(t) = ∅0 + 2π � f(τ)dτ = ∅ 0 + 2π � (f0 + kτ)dτ = ∅0 + 2π(f0 t + t 2 )
2
0
0

The corresponding function x(t) for a sinusoidal linear frequency sweep is the
sine of the phase in radians.
k
x(t) = sin [∅0 + 2π(f0 t + t 2 )]
2
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Where ∅0 is the initial phase at time t=0, f0 is the starting frequency at time t=0,

and k is the frequency sweep rate.

Thus, the linear frequency sweep function from 20 kHz at 0.1s to 40 kHz at 0.6s
will be x (t) = (4e − 6) ∗ sin [2π ∗ (16 ∗ 1000 ∗ t +

40∗1000
2

∗ t 2 )] , in which the

amplitude is 4e-6(m), the initial phase ∅0 at time t=0 is 0, the starting frequency f0
is 16 kHz, and the frequency sweep rate k is 40 kHz/s.

Figure 37 shows the displacement result of the transducer from 0.1s to 0.6s and
the displacement of horn tip at 0.1s and 0.6s are demonstrated in Figure 38 and
Figure 39 separately. It is very clear that the transducer works as desired. The
reason that the vibration center shifts a little bit from zero is the transducer
moved to a new position in the global coordinate system after the static force was
applied.

Figure 37 The displacement of the horn tip in the frequency sweep excitation
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Figure 38 The 20kHz displacement curve of the horn tip at 0.1s

Figure 39 The 40kHz displacement curve of the horn tip at 0.6s

The spectrum of this frequency sweep exciting curve is shown in Figure 40, in
which frequency range is from 20 kHz to 40 kHz.
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Figure 40 Spectrum of the frequency exciting curve in Figure 37

Although the horn tip has constant amplitude of excitation, the input power from
horn tip varies as the exciting frequency is sweeping. The work done by horn tip
can be directly calculated in Lsdyna and it shows in Figure 41.

Figure 41 External work done by the horn tip
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The derivative of the work represents the power done by the horn tip and it is
shown in Figure 42. However, the derivative of this curve fluctuates too much.
The reason is that the curve of work has too many sampling point and the
fluctuation of the power is exaggerated. In order to average the external power
curve, the curve of the work needs to be down-sampled before taking derivative.
The derivative of the external work curves with 25,000, 2,500, and 500 sampling
points are shown in Figure 43, Figure 44, and Figure 45 separately.

Figure 42 Derivative of external work curve with 250,000 sampling points
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Figure 43 Derivative of external work curve with 25,000 sampling points

Figure 44 Derivative of external work curve with 2,500 sampling points
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Figure 45 Derivative of external work curve with 500 sampling points

When the number of sampling points in the curve is reduced from original
250,000 to 500, the derivate shows the external power with no fluctuation and it
is consistent with the single frequency excitation simulation results in Table 3. It
is very clear that some frequency excitation can introduce more power into the
blade than others. The horn tip introduces the maximum power, 550W, into the
blade model at 0.5s corresponding to 36 kHz.
The goal of frequency sweeping is to inspect the thermal producing ability of the
crack with different frequency excitations. The temperature change on the crack
is shown in Figure 46. Although the temperature change can be measured in
experiments and it indicates the thermal power produced by the crack, it is too
difficult to obtain exact information about the thermal power from this plot
because the temperature change also depends on the dissipation of the thermal
around the crack. The most direct way to investigate the thermal power produced
by the crack is to study the thermal energy calculated by Lsdyna.
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Figure 46 The temperature-time plot on the crack

The thermal energy produced from the crack is shown in Figure 47 and the
corresponding derivative of down sampled energy curve with 500 sampling
points is shown in Figure 48. This power curve represents the crack detection
ability of Sonic IR technology with constant excitation amplitude from 20 kHz to
40 kHz. It is very clear that the crack produce the maximum thermal power, about
2W, at 0.5125s corresponding to 36.5 kHz. The external power and thermal
power calculated from the frequency sweep excitation results are consistent with
our single frequency excitation results for in Table 3. Undoubtedly, the
continuously frequency sweep excitation saves lots of simulation time and
provides much more information about the relationship between the excitation
frequency and thermal power produce by cracks.
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Figure 47 Thermal energy produced from the crack

Figure 48 Thermal power produced from the crack

The power calculated above is produced in the blade excited by a horn tip with
constant excitation amplitude and different excitation power. Sometimes, people
prefer to know the thermal power produced by crack with unit excitation power or
normalized thermal power. The thermal power produced from the crack with unit
input power can be calculate by dividing the curve in Figure 48 by the curve in
Figure 45. The normalized thermal power produced from the crack with unit input
power is shown in Figure 49 in which 1W input power can produce almost 6mW
at 0.35s corresponding to 29 kHz.
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Figure 49 Normalized thermal power produced from the crack

Conclusion
In this Chapter, the frequency sweep excitation technology was introduced to find
the best exciting frequencies with Sonic IR technology. Though this technology
has some difficulties to realize in experiments, Finite Element Analysis has
shown the capability to simulate the process and find the best exciting
frequencies for a certain sample. A blade model, being excited by a frequency
sweep displacement curve, is used as an example to show the process to create
a frequency sweep curve. Some post-processing methods for inspecting the
thermal power were presented. Those frequencies producing more thermal
power are those ones that can improve the detection ability of Sonic IR.

57

CHAPTER 5 NATURAL VIBRATION IN SAMPLES

After talking about the frequency sweep technology, I will demonstrate the most
important topic in this dissertation, chaotic excitation, in Chapter 6. Before that,
some basic concepts and simulation results of the natural vibration in samples
need to be introduced firstly.

5.1 Introduction of mechanical vibration
There are two kinds of vibration in samples, free vibration and forced vibration.
Forced vibration is easy to understand, in which the transducer is continuously
exciting a sample and the sample is vibrating with the same exciting frequency.
The forced vibration system can be seen as a linear time-invariant (LTI) system,
and the amplitude of vibration in samples depends on excitation and the
frequency response of the sample as Figure 50 shows. The vibration in a sample
is the product of the input force and the frequency response in frequency domain.

Figure 50 Forced vibration model
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We assume that the vibration in samples with frequency sweep exciting is forced
vibration and the coupling between the transducer and samples is linear coupling.
This is the prerequisite of studying frequency sweep technology.
Free vibration means the sample is vibrating by itself freely after the excitation. In
mathematics, a mechanical system can be written as:
....................................................(3.1)

where

and

are the mass, damping, and stiffness matrices.

Without damping and applied force the equation can be simplified as following
one:

....................................................................(3.2)
Let

,

.....................................................................(3.3)
This differential equation can be solved by assuming the following type of
solution:
..................................................................................(3.4)

Let

.
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Finally, the natural frequency ω of the system corresponds to the eigenvalue λ of
the matrix [A] and the natural mode corresponds to the vector [X] of λ.
Samples have infinite natural frequencies and each frequency corresponds to a
natural vibration mode. We can calculate all the natural frequencies and vibration
modes with FEA tools.
People in Wayne State University found that samples can have some other
vibration frequencies when they are being excited by a single frequency. And
those frequencies can help to improve the detection ability of Sonic IR
technology. Those vibrations are named as chaos, and we believe that chaos
comes from the non-linear coupling between transducer and samples. That
means the chaotic vibration is a kind of vibration between forced vibration and
free vibration. That is why we want to study the natural vibration in samples
before starting the study of chaos.
A post sample is used as an example to study the natural vibration and this
sample will be used again in next Chapter 5 to study the chaotic excitation.

5.2 Simulation result of natural vibration
Figure 49 shows the post sample used in the following part of my dissertation.
The material of post is aluminum and the bottom is fixed. As mentioned before,
this sample has infinite natural frequencies. Since we will excited this sample on
X direction in next chapter, over here we are only interested in the vibration on X
direction. The excitation on X direction can only cause the vibration on X
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direction instead of on other directions. Even on X direction, this sample still has
countless natural frequencies and we will focus on those frequencies below the
exciting frequency, 40 kHz.

Figure 51 Post model used for the natural vibration simulation (mm)
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According to the simulation results, the fundamental natural frequency is 577 Hz,
and there are four natural frequencies causing my interest. They are 9.4 kHz,
17.4 kHz, 26.7 kHz, and 37 kHz, and the vibration modes are shown in Figure 50.

Figure 52 Four natural vibrations on X direction

When studying the chaotic vibration, I will try to relate the chaos frequencies to
those natural vibrations in the samples.
The last question is how to verify those simulation results. Till now, we still
cannot directly test the higher order natural frequencies, because their vibration
modes are very difficult to excite in experiments. The easiest one to be excited is
the fundamental natural vibration mode, whose frequency is the lowest one.
Figure 53 shows the vibration of the fundamental mode in the post.
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Figure 53 The fundamental natural vibration mode in the post

So, we will make a post and test the fundamental natural frequency of this post in
experiments. If the tested fundamental natural frequency is close enough to the
simulation results, we can believe those higher-order natural frequencies are also
close to the real ones.
Figure 54 shows the real post and the experimental setup for testing the
fundamental natural frequency. This post is made in aluminum and has the same
dimensions in Figure 49. The bottom of this post is fixed on the optical table and
the red spot is the laser beam produced from a laser vibrometer. In test, I will hit
the back side of this post with a hammer on X direction and use the vibrometer to
test the vibration of this post on the front side. The vibrometer is working in
frequency domain and can directly test the frequency of vibration on that point.
The test result is shown in Figure 55.
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Figure 54 The experimental setup for testing the fundamental natural frequency of the post

Figure 55 The tested fundamental natural frequency of the post

64

The test result shows that the fundamental natural frequency of this post is 565
Hz. The relative error of fundamental natural frequency between the simulation
result (577 Hz) and the experimental result (565 Hz) is about 2%. Now we can
believe that the simulation results are precise enough.

Conclusion
Samples have two kinds of vibration, forced vibration and free vibration. When
studying the frequency sweep technology, we assume it is forced vibration and
the vibration frequency in sample is exactly the exciting frequency. Free vibration
means that the samples can vibrate freely after excitation. Free vibration can be
described with natural frequencies and modes. Since I believe the chaotic
vibration is a kind of vibration between forced vibration and free vibration, it is
necessary to study the natural vibration in samples. A post sample model is used
to study the natural vibration and the results were shown out. At the same time, a
real post was made to verify the simulation results. The experimental result
shows that the simulated fundamental natural frequency is close enough to the
fundamental natural frequency of the real post, and we can believe that higher
order natural frequencies are close to the real ones. Those results will be used in
next chapter to explain the formation of chaos.
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CHAPTER 6 CHAOTIC EXCITATION TECHNOLOGY
6.1 Introduction of chaotic excitation
Since the technology of single-frequency high-power ultrasound transducers
dominate in Sonic IR technology, people have been trying to improve the
detection ability of Sonic IR technology with single-frequency transducers.
Researchers in Wayne State University found single-frequency transducers can
introduce more frequencies into samples at the same time because of the nonlinear coupling between the transducer and the sample.(42)(43)(44) It has been
approved that these new frequencies can improve the defect detection for both
metal and composite material. Those additional vibration frequencies are named
as chaos. When the chaos occurs, we name the excitation as chaotic excitation.
(45)(46)

Figure 56 Cracks detected in a blade under non-chaotic excitation (left)
and chaotic excitation (right) (4)
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Figure 54 shows the experimental results with non-chaotic excitation (left) and
chaotic excitation (right). It is very clear that about five cracks in the blade can be
detected with chaotic excitation at the same time and only two cracks detected
with non-chaotic excitation. Basically for metal, more frequencies introduced into
sample, more defects can be detected at the same time (9).
The advantages of chaotic excitation for composite material are different.
Because of big damping of sound in composite material, some small defects are
submerged in the stable standing wave mode patterns sometimes. When more
frequencies are introduced into samples by chaotic excitation, stable mode
patterns cannot built up easily and more defects can be detected as Figure 55
shows.

Figure 57 Defects detected in a composite panel under chaotic excitation (left) and non-chaotic
excitation (right)
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Though it has been approved that chaos can improve the detect ability of Sonic
IR in experiments, these new frequencies are very hard to predict and control.
Sometimes they are seen as a disadvantage of Sonic IR technology that people
should avoid. Researchers in Wayne State University have been working on
chaos for several years and I will show the most recent progress about this topic.
The first impression of chaos is the audible noise and the even distribution of
those frequencies. In general, the ultrasound exciting frequency is above 20 kHz
which is almost non-audible. If people can hear a very loud noise in experiments,
we can expect the occurrence of chaos. A typical spectrum of the chaotic
vibration on sample is shown in Figure 58 and it is very clear that the chaos
frequencies distribute evenly in spectrum. In this spectrum, the interval between
the adjacent frequencies is one third of the exciting frequency. For different
samples the distribution of chaos are different and the interval can be half,
quarter, third, fifth, etc.., of the exciting frequency.
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Figure 56 A typical spectrum of a chaotic vibration whose exciting frequency is 20 kHz [2]

In order to obtain the chaos in samples, people in Wayne State University need
to try different combination of exciting frequency, static force, coupling material,
and exciting amplitude. It is a time-consuming process, and it is worth to study
what is chaos, how to produce them, and why chaos frequencies distribute
evenly.

6.2 Study chaotic excitation with FEA
The traditional Sonic IR FEA model has three parts, horn tip, sample, and post
for supporting. When the horn tip is exciting the sample, the sample will bounce
back and force between the horn tip and post, and the post is vibrating by itself at
the same time. This system is too complicated for study the chaos. The model in
Figure 57 will be used to study chaos and it only includes two parts, horn tip and
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post. I want to use this simplest model to produce chaos, and draw the most
straightforward and representative conclusions.

Figure 59 Post model and two nodes on post as well as horn tip for monitoring the vibration

The basic process is to simulate the model with different exciting frequencies,
different static force, and different exciting amplitude to find the best combination
producing the chaos, and then use it as a start point to study the relation
between the chaos and the static force, and the relation between the chaos and
the exciting amplitude. We also want to know why and how the chaos is
distributed evenly.
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After countless times trying, chaos on the post is observed when the exciting
frequency is 40 kHz, the static force is 75N, and the exciting amplitude is 9
microns. In the following simulation results, all the vibration results on the post
are all detected on the node 5098 as Figure 57 shows. The vibration waveform
on post and the corresponding spectrum are shown in Figure 58.

Figure 60 The vibration waveform (node 5098) on post and the corresponding spectrum
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The spectrum of the vibration waveform on node 5098 and the chaos frequencies
are distributed evenly with an interval 40/18 kHz. Since the chaos comes from
the non-linear coupling between the horn tip and the post, I expect the contact
force between the horn tip and the post can show more information about chaos.
The contact force waveform between the post and the horn tip and the
corresponding spectrum are shown in Figure 59.
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Figure 61 Contact force between the horn tip and the post
and the spectrum of the force waveform

The frequencies in the spectrum of contact force are also distributed evenly and
the difference is the interval is 40/9 kHz. I will take this situation as a start point to
study the properties of chaos by changing the static force and excitation
amplitude.
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In order to study the influence of excitation amplitude for chaos and how the
vibration switch to chaotic vibration from non-chaotic one, I create a 40kHz
excitation curve, whose amplitude is linearly increasing from 6 microns to 10
microns in 0.4s. The simulation process is shown in Figure 62 , in which the
static force is 75N.

Figure 57 Simulation process in chaos study model

The displacement at node190 (horn tip) and node5098 (post) are shown in
Figure 63.

Figure 58 Displacement waveform and spectrum at node 190 and node 5098
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From Figure 63 , the vibration amplitude on post suddenly increased at 0.35s,
and the corresponding exciting amplitude is 8.5 microns. Further inspection
shows when the exciting is smaller than 8.5 microns, the vibration on post and
the contact force waveform have no chaos as Figure 62 shows. Otherwise, the
vibration on post and the contact force have chaos frequencies distribution as
Figure 58 and Figure 59 show. Once the chaos is woken up, the distribution of
chaos will not change when the exciting amplitude keeps increasing.

Figure 64 Spectrum of vibration on post when the exciting amplitude is smaller than 8.5 microns

In order to study how static force determines the chaos, I keep the exciting
amplitude 9 microns and do the simulation with several static forces from 80N to
120N. The results show that the vibration is a chaotic one when the static force is
smaller than 100N and non-chaotic when the static force is bigger than 100N
as Figure 65 shows. Further inspection also indicates that once the chaos is
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woken up, the distribution of the chaotic frequencies are independent of the static
force.

Figure 59 Relationship between the static force and chaos

Till now, the conclusion is that the chaos can be woken up when the static force
is smaller enough and the exciting amplitude is big enough. The distribution of
the chaotic frequencies is independent of both the static force and the exciting
amplitude after the chaos is woken up. Feels like that the distribution of chaotic
frequencies only depends on the post sample and the exciting frequency instead
of exciting amplitude and the static force.
Now, we want to compare the difference between the chaotic situation and nonchaotic situation. I also want to study how the vibration suddenly switches to a
chaotic one from a non-chaotic one. We already know that the vibration
amplitude on post suddenly increased when the chaos is woken up. I find the
contact force between the post and the horn tip can give us more information and
inspiration. Figure 66 shows the contact force between the post and the horn tip
in 1ms and the green curve represent the contact force in non-chaotic situation
and the red one represent the contact force in chaotic situation.
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Figure 60 Contact force between the post and the horn tip with and without chaos

In non-chaotic situation, it is very clear that the post can bounce back in time and
get ready for the second impact. However, in chaotic situation, the post cannot
bounce back in time and there is no effective contact between the post and the
horn tip in some periods. Once the post bounce back, the impact is much more
violent than the non-chaotic situation, and that is why the vibration amplitude of
post is very big when chaos occurs. From the contact force pattern with chaos,
we can see that period of the contact force pattern is nine times of the period of
40 kHz. That is why the chaos frequencies of the contact force distribute evenly
with an interval, 40/9 kHz.
Since the distribution of chaotic frequencies depends on the post from our
conclusion before, it is very normal to try to relate it with the natural frequencies
of the post. By comparing the chaotic frequencies of the vibration in post and the
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natural frequencies of the post, we found that some chaotic frequencies are very
close to the natural frequencies of the post as Figure 65 shows.
The final conclusion is that the occurrence of chaos depends on three conditions.
Firstly, the static force should be smaller than a certain force. Secondly, the
exciting amplitude has to be big enough. Finally, some chaotic frequencies have
to match the natural frequencies of sample and then they will be locked and
amplified.
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Figure 67 Chaotic frequencies corresponding to the natural frequencies in post

Though the simulation results are very encouraging, they are very hard to verify
in experiments. The reason is that the transducer used in experiments is much
more complex than the cylinder in the FEA model. We need to use a piece of
eraser as a buffer to protect the load cell and transducer. A lot of times were tried
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and most of them had no chaos. Only few times have the similar chaotic
frequencies to the calculated ones in low frequency range as Figure 68 shows.

Figure 61 The distribution of chaotic frequencies in experiments

Conclusion
Chaotic excitation can detect more cracks in turbine blades at the same time and
remove the vibration mode pattern in composite material effectively. In order to
understand the foundation process of chaotic excitation, a post sample model is
used to study the chaotic excitation. The chaotic vibration only occurs when the
post cannot bounce back in one period. In order to produce chaotic vibration, the
exciting amplitude has to be big enough and the static force has to be small
enough. Once the chaotic vibration is built, the chaotic frequencies will not
change because they are locked by the natural frequencies of the post.
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Chapter 7 MORE METHODS TO MODEL THE TRANSDUCER
Ultrasound transducer is a very complicated system as Chapter 1 shows. It is
almost impossible to simulate the whole physical process in it. People always
want the trade-off between the simulation cost and simulation precision.
In a Sonic IR traditional FEA model, a cylinder is used to represent the
transducer tip and a predefined displacement sine load curve is applied on the tip
to simulate the vibration output of transducers. Comparing to a real ultrasound
transducer, some people think this cylinder model is too simple to include some
important characteristics of ultrasound transducers. People have been trying to
improve this FEA transducer model for several years.
People in Nanjing University (China) have done a lot of work to improve the
transducer model.(47) The left image in Figure 69 shows the transducer they
developed and used in the FEA model, in which they realized the function of
piezoelectric elements with their piezoelectric-thermal-analogy method. That
means they change the temperature of the piezoelectric element to cause the
periodic volume change. In the following part of the chapter, I will present two
thoughts to model the transducer in different ways.
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Figure 62 Sonic IR FEA model developed in Nanjing University(47)

7.1 Sandwich structure transducer model
We all know that when piezoelectric elements are working, the electric field is
coupling with the force field and the force inside the piezoelectric element causes
the volume change. So, it is more straightforward to apply a periodic force on
piezoelectric element to simulate the function of piezoelectric element in
transducers.
The left image in Figure 70 shows the new transducer model in which the yellow
cylinder part represents a piezoelectric element and two red ones are two metal
pieces. It is very clear that this part has the same sandwich structure as a real
converter. In simulation, the bottom metal piece is fixed and a 20 kHz sine wave
force load is applied on the piezoelectric element to cause a 20 kHz sine wave
deformation. The right image shows the vibration waveform of the top metal
piece.
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Figure 63 A sandwich-structure transducer model and the vibration wave of the top metal piece

In order to get a single frequency vibration waveform on transducer as Figure 70
shows, people need to tune the lowest longitudinal vibration frequency of the
transducer system to the desired exciting frequency. In order to simplify the
model and skip this step, we can decrease the density of the transducer system.
When the density is small enough, the inertia of the moving parts will be very
small. The vibration frequency will be exactly the predefined one.

Figure 64 A Sonic IR blade FEA model with a Sandwich structure transducer

The advantage of this transducer model is the external power for driving the
vibration of the horn tip depends on the hardness of the sample material. If the
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blade is very hard, we need to apply bigger force, which means more power, to
drive the transducer for desired amplitude. This one is very close to the property
of a real transducer. In experiments, the power supply will increase the power
automatically if the sample is very hard to drive.
The most difficult part of this model is how to calibrate the material and the shape
of the piezoelectric material. For a specific transducer we need to choose the
best combination of the driving force, the material and shape of the piezoelectric
material.

7.2 Resonant transducer model
The second thought is to design a real horn model used in experiments. We all
know that the booster and horn are resonant parts. The length of horn is half
vibration wavelength. If the horn is vibrating at working frequency, we can use it
to excite our samples. In order to keep the vibration amplitude in horn, we need
to keep inputting energy into the horn to compensate the power loss. Since
Branson, the transducer making company, has designed all the horns for
different frequencies, we can directly use them to build our models. I picked a 20
kHz horn as an example to demonstrate this method. Figure 72 shows a horn
used in our 20 kHz transducer system and the material of this horn is Titanium.
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Figure 65 A 20 kHz resonant transducer horn model

From my simulation the resonant frequency of this horn is 20.9422 kHz. I will use
this horn to produce a 20.9422 kHz resonant vibration.
In order to produce the resonant vibration in this horn, we need to excite the left
side of the horn with 20.9422 kHz. When the horn is vibrating, there is a node
plane, on which the nodes will not move at all. First job is to determine the node
plane position. In physics, when the horn is vibrating by itself, the mass center of
this horn should not move. That means the mass center of the horn tip is on the
node plane. We can apply constrain on those nodes on the node plane for
applying excitation and fixing the position of the horn. The interface between the
yellow part and the red part in Figure 72 is the node plane of this horn and the
position can be determined easily by computers.
Figure 73 shows the vibration on horn tip, when the horn is excited by a 20.9422
kHz on the left side. The amplitude of the excitation is 10 microns and the
damping constant in this horn is 1000. Damping can balance the input power for
a stable resonant vibration in the horn.

85

Figure 66 Vibration waveform of the horn tip

Conclusion
Ultrasound transducer model is one of the most important parts in Sonic IR FEA
model. As FEA simulation developing, people want to directly repeat their
experimental results in simulation, and the traditional transducer model need to
be improved to include more important features of practical transducers. Two
methods of creating ultrasound transducer models are come up with in this
chapter. A sandwich structure transducer model is designed according to the
work principle of converter, and a resonant transducer model is simulated
according to how horn works.
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Chapter 8 CONCLUSIONS AND FUTURE WORK
The most important conclusions in this dissertation include the followings:
1. The position of a crack producing the most thermal energy in an ultrasound
standing wave locates at three quarter position between node and antinode
and close to the node side and the thermal energy is determined by both the
contact force and the relative motion;
2. A flat-contact-surface crack model is worth to study but it cannot represent a
real crack in FEA simulation because the produced thermal energy is mainly
on the edges of cracks;
3. The FEA simulation results proved that frequency sweep excitation has the
ability to compare the thermal power produced from a crack with different
exciting frequency in one shot and locate the exciting frequency producing the
maximum thermal power;
4. The occurrence of chaotic vibration depends on static force and exciting
amplitude. Simulation results have approved that small static force and big
exciting amplitude can help to produce chaos;
5. Once the chaotic vibration is built up, the distribution of chaotic frequencies
will not change. Preliminary conclusion is chaotic vibration is a kind of
transition from forced vibration to free vibration and it depends on the
excitation, the material and structure of samples, and the boundary conditions;
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6. Chaotic frequency evenly distributed and the interval is the integral division of
exciting frequency. Further simulation shows that some chaotic frequencies
have to been locked by natural frequencies for stabilization.

Some special technologies developed for Sonic IR FEA simulation and
experiments include the following ones:
1. Modeling of cracks with flat contact surface in complex shape samples
meshed with tetra elements;
2. 2-step simulation method for applying static force before driving transducer;
3. Definition of frequency sweep exciting curves
4. Down sample technology applied on thermal energy can reduce the
fluctuation in thermal power curve effectively;
5. Particles technology easily inspecting the vibration mode in composite panels

Future work can be done to complete the research of this dissertation:
1. Long term simulation (at least 0.2s) for the performance of cracks in a
standing wave needs to be studied further. Some problems need to be solved
in the simulation, such as how to keep the stability of the standing wave.
2. For most one-dimension situations, ultrasound vibration is a kind of
combination of traveling wave and standing wave. It is necessary to study the
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performance of cracks in a traveling wave with FEA simulation and the design
of perfect matching load is the key to build traveling wave.
3. In experiments, most ultrasound energy is ducted to the optical table by the
sample fixture. Some fixture and a piece of table top should be included in the
models and a perfect matching layer can be used around the table top to
absorb the vibration energy.
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Sonic Infrared (IR) Imaging Nondestructive Evaluation (NDE) technology
has shown inherent advantages, such as fast detection for all direction and all
dimension flaws, for both metal and composite materials. The purpose of this
dissertation is to study and investigate the physical process of two most
important methods, frequency sweep excitation and chaotic excitation, to
improve the defect detection ability of Sonic IR technology.
The tool used in our study is known as finite element analysis (FEA).
According to test process of Sonic IR technology, some special technologies
were developed in FEA simulation, such as creating cracks with flat contact
surfaces in turbine blade models, two-step simulation method to apply static
force and then driving the transducer, and defining frequency sweep exciting
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curves. The results of simulation indicate that frequency sweep excitation has the
ability to compare the thermal power produced from a crack with different exciting
frequency in one shot and locate the exciting frequency producing the maximum
thermal power. The foundation process of chaotic vibration was demonstrated in
FEA simulation and the requirements of producing a stable chaotic vibration were
put forward. The simulation results also explained the evenly distributing property
of chaotic frequencies and related it to the natural frequencies.
The significance of this dissertation is to present following students what is
Sonic IR technology, how it works, how to study this technologies with
experiments and FEA simulation. The most important one is how to use some
basic physical concepts to guide the FEA simulation.
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